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(57) Abstract: This device comprises at least three pulsed lasers (2, 4, 6), in order to supply light pulses, and means (14) for directing 
these pulses substantially onto the same spot of a target (16) and substantially at the same time onto this spot. The lasers are pumped 
by diodes (40) operating continuously. 



WO 02/27872 Al 




For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations " appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



WO 02/27872 



PCT/IB01/01714 



HIGH-PEAK-POWER LASER DEVICE AND APPLICATION TO THE 
GENERATION OF LIGHT IN THE EXTREME ULTRAVIOLET 

DESCRIPTION 

5 

TECHNICAL FIELD 

The present invention relates to a laser device of high 
peak power and of average power and of high repetition 
10 rate, while at the same time being of minimum cost and 
complexity. 

The invention is applicable in particular to the 
generation of light in the extreme ultraviolet region. 

15 

Radiation belonging to this region, which is also 
called "EUV radiation", has wavelengths ranging from 
8 nanometres to 25 nanometres. 

2 0 The EUV radiation which can be obtained by making light 

pulses,, generated with the device which is the subject 
of the invention, interact with a suitable target has 
numerous applications, especially in materials science, 
microscopy and most particularly in microlithography, 
25 in order to fabricate integrated circuits with a very 
high degree of integration. For this last application, 
it is particularly advantageous to have a high 
repetition rate, which is very difficult to obtain for 
high-peak-power lasers. 

30 

The invention is applicable to any field which requires 
an excitation laser of the same sort as those which are 
needed in microlithography. 

3 5 DESCRIPTION OF THE PRIOR ART 

EUV lithography is needed in microelectronics in order 
to produce integrated circuits whose dimensions are 
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less than 0 . 1 micrometres . Among the sources of EUV 
radiation, several such sources use a plasma generated 
by means of a laser. 

5 To create such a plasma, it is necessary to have 
available a laser generating a high peak illumination. 
To this end, a pulsed laser is therefore used, 
delivering for example an energy of about 3 00 mJ per 
pulse or more. 

10 

Since the excitation wavelength does not play a very 
important role, it is indicated that from now on the 
invention will use for example YAG lasers, which lasers 
have undergone numerous developments in many industrial 
15 fields. However, other solid-state lasers, that is to 
say the amplifying medium of which is a solid, can be 
used in the present invention. 

In order to obtain a very high energy stability shot by 
2 0 shot, it is known to use laser diode pumping. 

In addition, in order to obtain the peak power needed 
for generating EUV radiation intended for 
photolithography, it is known to use pulsed diodes. 

On this subject, reference may be made to the following 
document : 

[1] Article by H. Rieger et al . , "High brightness 
and power Nd : YAG laser", Advanced solid-state lasers, 
1999, Boston MA, p. 49 to 53. 

This document discloses a device for photolithography, 
generating high peak-amplitude laser pulses at a 
relatively low repetition rate. 
35 

Also, in order to obtain the required peak power, it is 
known to use an oscillator and amplifiers . The result 
thereof is a complex and expensive laser. 



25 



30 
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On this subject, reference may be made to the following 
document : 

[2] Article by G. Holleman et al . , "Modeling high 
5 brightness kW solid-state lasers", SPIE Vol. 2989, p. 
15 to 22 . 

This document mentions two requirements of power lasers 
corresponding to two opposed technologies : 

10 on the one hand, applications of welding, 

machining or processing materials, which require lasers 
emitting long pulses, obtained by very simple 
technologies, and 

on the other hand, photolithography applications 

15 which require pulses which are short and, if possible, 
at a high rate, obtained by a very sophisticated and 
expensive technology using in particular two optical 
amplification stages. 

2 0 Reference may also be made to the following document, 

which aims to obtain a high-peak-power laser device: 

[3] Article by G. Kubiak et al . , "Scale-up of a 
cluster jet laser plasma source for Extreme Ultraviolet 
lithography", SPIE, Vol. 3676, 1999, p. 669 to 678. 

25 

The device described in this document [3] uses YAG 
lasers pumped by pulsed diodes, as in the rest of the 
prior art relating to photolithography. In addition, it 
uses complex and expensive optical amplifiers. 

3 0 Furthermore, the intended repetition rate in this 

document [3] is 6 kHz, for an energy per pulse of 
280 mJ. 

SUMMARY OF THE INVENTION 

35 

The aim of the present invention is to overcome these 
drawbacks by proposing a laser device which is capable 
of having a peak power which is at least as high, while 
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having a higher repetition rate, and being less complex 
and less expensive than the known laser device 
mentioned above. 

5 Specifically, the subject of the present invention is a 
laser device characterized in that it comprises: 

at least three pulsed solid-state lasers, 
pumped by diodes operating continuously, intended to 
supply light pulses, and 
10 - means for directing these light pulses 

substantially onto the same spot of a target and 
substantially at the same time onto this spot. 

According to a preferred embodiment of the device which 
15 is the subject of the invention, the lasers are mounted 
in oscillators, without amplifiers. 

The device which is the subject of the invention 
comprises at least three pulsed lasers but, preferably, 
20 comprises more than three thereof. 

According to a particular embodiment of the device 
which is the subject of the invention, this device in 
addition comprises means for modifying the spatial 
25 distribution of the light pulse resulting from the 
addition of light pulses supplied by the lasers. 

According to another particular embodiment, the device 
in addition comprises means for controlling the lasers, 
3 0 which are capable of modifying the temporal 
distribution of the light pulse resulting from the 
addition of light pulses supplied by the lasers, so as 
to create composite pulses. 

3 5 According to a particular embodiment of the invention, 
the profile of each composite pulse comprises a first 
pulse for igniting the plasma intended to be created by 
interaction of the light pulses with the target, a time 
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interval where the energy is minimum while the plasma 
grows, then a second pulse, consisting of several 
elementary pulses, according to a sequence which 
depends on the plasma growth. 

5 

The device which is the subject of the invention may in 
addition comprise means for modifying the repetition 
rate of the light pulses emitted by the lasers or of 
the sequence of these light pulses emitted by the 
10 lasers. 

In the case where composite pulses are created, the 
device which is the subject of the invention is 
preferably capable of directing a first highly- focused 
15 beam onto the target, then in applying the rest of the 
light energy to the target with a broader focus. 

The lasers used in the invention are solid-state 
lasers, for example YAG lasers. 

20 

The target onto which the light pulses emitted by the 
lasers of the device which is the subject of the 
invention are directed may be provided to supply light 
in the extreme ultraviolet region by interaction with 
25 these light pulses. 

However, the present invention is not limited to 
obtaining EUV radiation. It is applicable to any field 
where there is a need for high-peak-power laser beams, 
3 0 directed onto a target. 

In the present invention, spatial superposition is used 
and, in a particular embodiment, temporal sequencing. 

3 5 The term "spatial superposition" is taken to mean the 
superposition of a plurality of laser beams 
substantially onto the same spot of the target, 
substantially at the same time. The term "substantially 

■ t 
. . \ 
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at the same time" means that the temporal offsets 
between the various elementary pulses respectively 
supplied by the solid-state lasers of the laser device 
are small compared with the repetition period of these 
5 lasers. This superposition makes it possible to 
increase the energy per pulse and the peak powers. 

As will be seen below, flexibility of use can be 
obtained with superposition of the laser beams on 
10 virtually the same spot and at virtually the same time. 
This flexibility of use makes it possible to optimize 
emission from the plasma created. 

In the present invention, the four points (a) to (d) 
15 which follow are important. 

(a) Spatial superposition 

This makes it possible to increase the peak power and 

2 0 to have considerable freedom to modify the spatial 

distribution of the light pulse which results from the 
addition of the elementary light pulses emitted by the 
lasers . 

25 For example, the use of a light pulse more focused than 
the others, which use which is implemented in a 
preferred embodiment of the invention, makes it 
possible to obtain an illumination which is locally 
greater, as is shown schematically in Figures 1 and 2 

3 0 where, for simplicity, only two beams are considered. 

A first light beam Fl and a second light beam F2 are 
seen in section in Figure 1, in a plane which is 
defined by two perpendicular axes Ox and Oy, the axis 
3 5 common to the two beams being the Oy axis. 

The two beams are substantially axisymmetric about this 
Oy axis and are focused in the vicinity of the point O, 
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substantially in the plane of observation which is 
defined by the Oy axis and by an axis perpendicular to 
the Ox and Oy axes and which passes through the point 
O. 

5 

The focuses of the two beams are different, the first 
beam Fl being more focused than the second F2 . 

Figure 2 shows the variations in illumination I in the 
10 plane of observation as a function of the abscissa x 
plotted on the Ox axis . 

Although beam Fl is five times more focused than the 
beam F2 , the illumination produced by this beam Fl on 

15 the Oy axis is multiplied by 25 with respect to that 
produced by the beam Fl when the two beams have the 
same power. However, it should be noted that, in the 
present invention, it is possible to use beams whose 
powers are identical to or, in contrast, dif f erent . f rom 

2 0 one another or even very different from one another. 

This "spatial superposition" of several beams on the 
same target at the same moment allows the offset, on a 
shorter timescale, of the instants of the pulses of 

2 5 each elementary laser. 

(b) Time sequencing of various laser pulses 

(bl) First mode: 

3 0 

When several lasers are focused on the same target, it 
is known to interleave in a substantially regular 
manner the emission of their pulses, which increases 
the repetition frequency without increasing the peak 
3 5 power. 



(b2) Second mode: 
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There is another possibility: to create bursts of 
pulses, in which the temporal offsets between two 
pulses, of two elementary lasers are very small compared 
with the repetition time between two bursts . Such 
5 bursts may be considered as composite pulses. 

In this second mode, it is also possible, by means of a 
temporal offset of the light pulses, to create a 
prepulse . 

10 

On this subject, reference may be made to the following 
document which mentions the possibility of creating a 
prepulse responsible for igniting the plasma; 

[4] Article by M . Berglund et al . , "Ultraviolet 
15 prepulse for enhanced X-ray emission and brightness 
from droplet-target laser plasma", Applied Physics 
Letters, Vol. 69, 1996, page 1683. 

The invention still uses mode (b2) , which it can, in a 

2 0 particular embodiment, use together with mode (bl) . In 

this case, groups of lasers generating composite pulses 
in mode (b2) are defined, and several of these groups 
are then combined with mode (bl) . 

25 The invention therefore provides considerable 
flexibility in the sequencing of elementary light 
pulses, and in particular the sequencing (b2) 
hereinafter considered as advantageous. 

3 0 A first pulse highly focused onto the target (this 

pulse being for example of the type of beam Fl of 
Figure 1) ignites a' plasma, then, during the time when 
the plasma grows, the target is subjected to a minimum 
or zero illumination, and when the plasma reaches the 
3 5 diameter of the beam F2, the target is subjected to the 
maximum light power. It is then advantageous to 
allocate less energy to the first pulse than that 
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allocated to the rest of the composite pulse according 
to Figure 3 . 

In this Figure 3, the amplitudes A of the light pulses 
5 are shown as a function of time t. An example of a 
composite pulse II is shown. The latter comprises a 
prepulse 12 then a first set of simultaneous elementary- 
pulses 13, separated from the prepulse by a time T 
needed for the plasma to grow, then a second set of 
10 simultaneous elementary pulses 14 which follow the 
first set. 

The invention also makes it possible to repeat this 
sequence at a high repetition frequency, many times 
15 that of the elementary lasers . It is possible to define 
groups of lasers, each one of which generates a burst 
or composite pulse, formed by a focused pulse and by 
one or more other pulses offset in time. Several of 
these groups may then be combined so as to interleave 

2 0 their composite pulses as is known for elementary 

pulses . The mounting of lasers of various groups is at 
any point identical to that of lasers of the same 
group. Only the trigger times generated by the means 
for controlling the lasers (means 18 of Figure 4) 
25 change. 

(c) Use of continuous diodes for pumping of the laser 
material 

3 0 For a laser using a YAG material doped with neodymium 

and continuous pumping, the life of the upper level of 
the laser, which is in the vicinity of 
250 microseconds, requires working at a rate greater 
than 5 kHz in order to properly extract the light power 
3 5 deposited. 
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(d) Mounting of lasers in oscillators, without 
amplifiers 

The present invention, unlike the prior art, intends to 
5 obtain high peak powers by combining the points 
unfavourable to this peak power (points c and d) , and 
favourable points (point a) . 

Of course, points (bl) , (c) and (d) are unfavourable to 
10 obtaining high peak powers but the use of points (a) 
and (b2) makes it possible to overcome this drawback. 

In the present invention, points (a) , (b2) and (c) are 
used simultaneously, and this combination of favourable 
15 and unfavourable points in obtaining high peak powers 
goes against the prior art. The preferred embodiment, 
founded on point (d) , moves further away from the prior 
art . 

2 0 Advantages of the present invention, apart from 
generating laser pulses of high power and of high rate, 
are mentioned below. 

The cost of constant average-power diodes is 

2 5 considerably less when these diodes operate 

continuously . 

In addition, a laser device according to the invention 
is much simpler than those of the prior art since this 

3 0 device does not use amplifiers placed in series. 

The exploitation and the maintenance of this laser 
device are less expensive because of the smaller number 
of optical components used. 

35 

Placing several oscillators in parallel allows more 
flexibility of use. 
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The increase in the number of lasers also makes it 
possible for a device according to the invention to be 
less sensitive to an incident relating to the 
instantaneous performance of one of the lasers . 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 



The present invention will be better understood on 
reading the description of embodiments given by way of 
10 purely indicative and in no way limiting example, with 
reference to the appended drawings in which: 

• Figures 1 and 2 illustrate schematically the use of 
two laser beams focused differently in order to 
obtain considerable local illumination and have 

15 already been described, and 

• Figure 3 illustrates schematically an example of a 
composite light pulse which can be used in the 
present invention and has already been described, 
and 

2 0 • Figure 4 is a schematic view of a particular 
embodiment of the device which is the subject of the 
invention . 



DETAILED SUMMARY OF PARTICULAR EMBODIMENTS 

25 

The device according to the invention, which is 
schematically shown in Figure 4, comprises more than 
three pulsed lasers, for example eight, but only three 
of them are shown in this Figure 4 and have the 
3 0 references 2, 4 and 6 respectively. 

The light beams 8, 10 and 12 (more exactly, the light 
pulses) which are respectively supplied by these pulsed 
lasers 2, 4 and 6, are directed, via a set of mirrors 
35 14, substantially onto the same point P of a target 16 
and substantially at the same time onto this point P. 
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Means 18 for controlling the lasers have also been 
shown, making it possible to obtain the light pulses. 

Figure 4 also shows focusing means 20, 22 and 24 which 
5 are provided to focus the light beams 8, 10 and 12 
respectively on the point P of the target 16. 

In the example in question, the lasers and the target 
are chosen in order to supply, by interaction of the 
10 light beams with this target, EUV radiation 26. To do 
this, the target comprises for example a stream 28 of 
aggregates (for example of xenon) which come from a 
nozzle 30. 

15 This EUV radiation 26 is used for example for the 
microlithography of an integrated circuit 32. The block 
34 of Figure 4 symbolizes the various optical means 
serving to shape the EUV radiation before it reaches 
the integrated circuit 32. 

20 

The lasers 2, 4 and 6 are identical. Each of them 
comprises a YAG pumping structure 36, the aberration 
and the birefringence of which are small. This 
structure 3 6 comprises a rod laser 3 8 which is pumped 
25 by a set of laser diodes 40 operating continuously. 
However, it can be advantageous to choose a laser 
different from the others in order to create the first 
"prepulse" pulse . 

30 Each laser is mounted in an oscillator, without light 
amplification . 

Each laser is formed in a cavity delimited by a first 
highly- reflecting mirror 42 and by a second mirror 44 
35 which is partly reflecting in order to allow the light 
beam generated by the laser to pass through. 
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This cavity is designed to allow this beam to have a 
small divergence, of between 1.2 and 10 times the 
diffraction limit, for a short cavity length, so as 
also to obtain light pulses of short duration, between 
5 5 ns and 10 0 ns . 

Two divergent lenses 46 and 4 8 are used, which are 
placed between the mirrors 42 and 44, on each side of 
the rod laser 38. 

10 

The distances between the optical components are 
adjusted so that the various lenses present in the 
cavity give the fundamental mode of the cavity a 
diameter 1.5 to 10 times smaller than the diameter of 
15 the amplifying rod or rod laser. For this adjustment, 
the thermal focuses are taken into account by a method 
known to the person skilled in the art. 

The pumping structure 3 6 comprises for example a double 

2 0 head with homogeneous pumping and compensation for 

birefringence by rotating the polarization by 90°. 

The diameter of the rod laser 3 8 may be between 3 mm 
and 6 mm . 

25 

These characteristics are useful in order not to damage 
the performance of the laser cavity, above all when the 
average power is high. 

3 0 In order to make each laser provide pulses, triggering 

means are placed in the cavity of this laser, for 
example acousto- optic means. 

In the example of Figure 4, two acousto-optic 
35 deflectors 50 and 52 are used, which are controlled by 
the control means 18 and placed in the space delimited 
by the divergent lenses 4 6 and 48 on each side of the 
rod laser 38. 
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These two acousto-optic deflectors 50 and 52 are used 
to block the cavity with corresponding gains at average 
powers of between 150 W and 600 W. 

5 

The control means 18 allow the EUV source to be varied 
and stabilized depending on the . needs of the 
microlithography and the synchronization of the lasers 
2 , 4 and 6 . 

10 

The repetition frequency is 10 kHz for each of the 
eight lasers since the latter form only a single group 
and since each pulse is a composite pulse, that is to 
say a pulse consisting of a prepulse followed by seven 
15 additional elementary pulses . 

The control means 18 comprise means (not shown) for 
generating currents supplying pumping laser diodes 4 0 
and means (not shown) for generating modulated radio 
2 0 frequency currents, intended to control each pair of 
acousto-optic deflectors 50 and 52. 

Furthermore, these control means 18 are provided to 
control the lasers 2, 4 and 6 according to signals for 

2 5 measuring the radiation from the plasma (generated by 

interaction of the laser beams with the target 16) , 
said signals being supplied by one or more suitable 
sensors such as on the sensor 54, for example one or 
more fast silicon photodiodes with spectral filtering; 

3 0 for EUV radiation, this filtering may be carried out by 

zirconium, and by a molybdenum- silicon multilayer 
mirror, possibly doubled; where the growth rate of the 
plasma is observed, it is worth either modifying this 
filtering, or adding one or more additional fast 
35 photodiodes whose filtering is closer to the visible 
spectrum. 
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The control means 18 are also provided to control the 
lasers 2, 4 and 6 according to 

signals for measuring the energy of the light 
pulses from lasers 2, 4 and 6, signals which are 
5 respectively supplied by suitable sensors 56, 58 and 
60, for example fast silicon photodiodes with 
integrating means, and 

signals for measuring the temporal shapes of 
the light pulses from the lasers 2, 4 and 6, signals 
10 which are respectively supplied by three suitable 
sensors 62, 64 and 66, for example fast silicon 
photodiodes, which can be the same sensors as the 
sensors 56, 58, 60 except that the signal is then taken 
upstream of the integrating means . 

15 

It is specified that the optical means formed by the 
deflection mirrors 14 and the focusing lenses 20, 22 
and 24 are chosen to allow spatial superposition with 
fluctuations of position which are less than a small 
2 0 percentage, for example of the order of 1% to 10%, of 
the diameter of the focal point (point P) . 

The laser device of Figure 4 furthermore comprises 
means provided to modify the spatial distribution of 

2 5 the pulse resulting from the addition of light pulses 

respectively emitted by lasers 2, 4 and 6. These means, 
symbolized by the arrows 74, 76 and 78, are for example 
provided in order to move the lenses 20, 22 and 24, so 
as to modify the sizes of the focal points respectively 

3 0 supplied by these lenses. 

The control means 18 may be provided in order to 
temporally offset, each with respect to the others, the 
light pulses emitted by the lasers 2, 4 and 6, by 
35 suitably offsetting the triggering of the lasers each 
with respect to the others . 



WO 02/27872 



- 16 - 



PCT/IB01/01714 



10 



CLAIMS 

1. Laser device characterized in that it comprises: 

- at least three pulsed solid-state lasers (2, 
4, 6) , pumped by diodes (40) operating 
continuously, intended to supply light pulses, and 

- means (14) for directing these light pulses 
substantially onto the same spot of a target (16) 
and substantially at the same time onto this spot. 

2. Device according to Claim 1, in which the lasers 
pumped by diodes (4 0) operating continuously are 
mounted in oscillators, without amplifiers. 

15 3. Device according to either of Claims 1 and 2, in 
addition comprising means (74, 76, 78) for 
modifying the spatial distribution of the light 
pulse resulting from the addition of light pulses 
supplied by the lasers. 

20 

4 . Device according to any one of Claims 1 to 3 , in 
addition comprising means (18) for controlling the 
lasers, which are capable of modifying the 
temporal distribution of the light pulse resulting 

2 5 from the addition of light pulses supplied by the 

lasers, so as to create composite pulses. 

5. Device according to Claim 4, in which the profile 
of each composite pulse comprises a first pulse 

3 0 for igniting the plasma intended to be created by 

interaction of the light pulses with the target, a 
time interval where the energy is minimum while 
the plasma grows, then a second pulse, consisting 
of several elementary pulses, according to a 
3 5 sequence which depends on the plasma growth. 

6 . Device according to any one of Claims 1 to 5 , in 
addition comprising means (18) for modifying the 
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repetition rate of the light pulses emitted by the 
lasers or of the sequence of these light pulses 
emitted by the lasers. 



5 7. Device according to either of Claims 4 and 5, 
capable of directing a first highly- focused beam 
(Fl) onto the target, then in applying the rest of 
the light energy to the target with a broader 
focus . 

10 

8. Device according to any one of Claims 1 to 7, in 
which the lasers (2, 4, 6) are YAG lasers. 



9. Device according to any one of Claims 1 to 8, in 
15 which the target (16) is provided in order to 

supply light in the extreme ultraviolet region by 
interaction with the light pulses emitted by the 
lasers (2 , 4 , 6) . 
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CHG DATE=20020503 STATUS=0>This device comprises at 
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this spot. The lasers are pumped by diodes (40) operating 
continuously. 
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